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Measurements of the cosmic ray antiproton spectrum can be used to search for contributions from
annihilating dark matter and to constrain the dark matter annihilation cross section. Depending
on the assumptions made regarding cosmic ray propagation in the Galaxy, such constraints can be
quite stringent. We revisit this topic, utilizing a set of propagation models fit to the cosmic ray
boron, carbon, oxygen and beryllium data. We derive upper limits on the dark matter annihilation
cross section and find that when the cosmic ray propagation parameters are treated as nuisance
parameters (as we argue is appropriate), the resulting limits are significantly less stringent than have
been previously reported. We also note (as have several previous groups) that simple GALPROP-
like diffusion-reacceleration models predict a spectrum of cosmic ray antiprotons that is in good
agreement with PAMELA’s observations above ∼5 GeV, but that significantly underpredict the
flux at lower energies. Although the complexity of modeling cosmic ray propagation at GeV-scale
energies makes it difficult to determine the origin of this discrepancy, we consider the possibility
that the excess antiprotons are the result of annihilating dark matter. Suggestively, we find that
this excess is best fit for mDM ∼ 35 GeV and σv ∼ 10−26 cm3/s (to bb¯), in good agreement with the
mass and cross section previously shown to be required to generate the gamma-ray excess observed
from the Galactic Center.
PACS numbers: 96.50.S-, 95.35.+d
I. INTRODUCTION
It has long been appreciated that dark matter particles
annihilating in the halo of the Milky Way could poten-
tially produce an observable flux of cosmic ray antipro-
tons [1–9]. More recently, measurements of the cosmic
ray antiproton spectrum by PAMELA [10–12] (and in the
near future, by AMS-02) have reached the level of preci-
sion required to probe thermal dark matter particle can-
didates with masses in the range of ∼10–100 GeV [13–22],
yielding constraints that can be comparably stringent to
those derived from gamma-ray telescopes [23, 24]. Such
constraints are, however, subject to large astrophysical
uncertainties associated with the propagation of cosmic
rays through the Milky Way.
In this study, we revisit the cosmic ray antiproton spec-
trum, as measured by the PAMELA experiment [10–12],
and consider the implications for annihilating dark mat-
ter. To this end, we make use of a large set of propaga-
tion models, with parameters fit to the observed spectra
of boron, carbon, beryllium, and other cosmic ray nu-
clei (as identified and evaluated in Ref. [25]). We then
compare the secondary antiproton spectra predicted by
those models to that observed by PAMELA and use this
information to set limits on the dark matter annihilation
cross section. Instead of selecting a few representative
propagation models to consider, we treat the propaga-
tion inputs as nuisance parameters, allowing us to derive
constraints that implicitly take into account not only the
observed spectrum of antiprotons, but of all cosmic ray
species. The constraints derived in this fashion are gen-
erally weaker than those previously presented, but more
correctly take into account the relevant underlying uncer-
tainties in cosmic ray propagation. This difference is par-
ticularly pronounced when our constraints are compared
to those that were derived using propagation model pa-
rameters chosen in order to provide the best possible fit to
the antiproton spectrum (without any contribution from
dark matter). Assuming an NFW profile for the halo of
the Milky Way, our limits fail to rule out dark matter
with a cross section equal to that of a simple thermal
relic (σv = 3×10−26 cm3/s) for any range of masses (for
annihilations to bb¯). For a cross section that is a factor
of a few larger than this benchmark value, however, we
can rule out dark matter particles with masses up to ∼1
TeV. For mDM >∼ 100 GeV, PAMELA’s measurement of
the cosmic ray antiproton spectrum currently provides
the most stringent constraint on the dark matter annihi-
lation cross section (at lower masses, gamma-ray obser-
vations are more restrictive).
It has long been noted that simple diffusion-
reacceleration models (such as those implemented in the
widely used code GALPROP [26, 27]), with parameters
fit to the observed spectra of boron, carbon, beryllium,
and other cosmic ray nuclei, predict an antiproton spec-
trum that agrees well with the data at energies above
∼5 GeV. However, these models underpredict the flux of
antiprotons observed at lower energies (by ∼40% at ∼1-
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23 GeV) [16, 25, 28–31]. Various possibilities have been
considered to account for this discrepancy. For exam-
ple, as early as 2002, Moskalenko et al. used this is-
sue to motivate propagation models with a break in the
diffusion coefficient, along with a significant degree of
convection [28, 29]. Within the context of GALPROP-
like diffusion-reacceleration models, we confirm the exis-
tence of the excess. Among other possibilites, we con-
sider whether this excess of GeV-scale cosmic ray an-
tiprotons (relative to the predictions of simple diffusion-
reacceleration models) might be the result of dark matter
particles annihilating in the halo of the Milky Way. We
also show that the spectral shape and normalization of
this excess are consistent with arising from dark matter
with a mass of mDM = 35± 10 GeV and an annihilation
cross section of σv = 1.1+1.3−0.3× 10−26 cm3/s (to bb¯), for a
dark matter halo profile with an inner slope of γ = 1.26
and charge independent (force-field) modulation. These
values are in good agreement with those previously shown
to be able to account for the gamma-ray excess observed
from the region surrounding the Galactic Center [32–40].
II. COSMIC RAY PROPAGATION
Galactic cosmic rays are widely believed to originate
from supernova remnants, perhaps along with additional
contributions from pulsars and other compact objects.
Nuclei accelerated by such sources diffuse or otherwise
propagate through the interstellar medium (ISM), under-
going processes such as spallation and radioactive decay,
leading to the production of a number of relatively rare
species of nuclei, as well as antiprotons, positrons, and
gamma-rays.
The modeling of cosmic ray propagation through the
ISM is generally accomplished by solving the partial
differential equation, known as the transport equation,
for a given cosmic ray source distribution and set of
boundary conditions. Throughout this study, we follow
closely the approach of Trotta, Johannesson, Moskalenko,
Porter, Ruiz de Austri, and Strong (henceforth, Trotta et
al.) [25] and treat cosmic ray propagation using a single-
zone, diffusion-reacceleration model, as implemented in
the publicly available program GALPROP [26, 27] (for a
review, see Ref. [41]). In particular, GALPROP numeri-
cally solves the following steady-state transport equation,
which includes the effects of spatial diffusion, convec-
tion, diffusive reacceleration, cooling and adiabatic en-
ergy losses, spallation, radioactive decay, and electron
K-capture:
0 = q(r, p) +∇ · (Dxx∇ψ −Vψ) + ∂
∂p
p2Dpp
∂
∂p
1
p2
ψ
− ∂
∂p
[
p˙ψ − p
3
(∇ ·V)ψ
]
− 1
τf
ψ − 1
τr
ψ . (1)
Here, ψ = ψ(r, p, t) is the differential (in momentum)
number density of a given cosmic ray species and q(r, p)
is the source term, which includes those particles injected
directly from cosmic ray sources (primaries) and those
generated as the result of the decay or spallation (secon-
daries), as well as any dark matter annihilation products.
Dxx is the spatial diffusion coefficient, which we param-
eterize in terms of rigidity, ρ ≡ pc/Ze, by:
Dxx = βD0
(
ρ
4 GV
)δ
. (2)
We takeD0 and δ to be free parameters. Theoretical (and
idealized) calculations predict δ = 1/3 for a Kolmogorov
spectrum of interstellar turbulence and δ = 1/2 for a
Kraichnan cascade. Although we assume convection to
be negligible throughout most of this study, we include in
Eq. 1 those terms associated with a convection velocity,
V.
Reacceleration is described as diffusion in momentum
space and is determined by the coefficient, Dpp, which is
related to the spatial diffusion coefficient by the Alfvén
velocity, valf :
Dpp =
4p2v2alf
3δ(4− δ2)(4− δ)Dxx . (3)
Lastly, τf and τr are the timescales for fragmentation
and radioactive decay, respectively. For the problem’s
boundary conditions, we adopt a cylindrical diffusion
zone of radius 20 kpc and half-height zh (which we take
to be a free parameter). Upon reaching this boundary,
cosmic rays no longer diffuse, but instead freely escape
from the Galaxy. The parameter zh is of particular im-
portance for predicting the contribution to the cosmic
ray spectrum from dark matter, as it strongly impacts
the fraction of dark matter annihilations that take place
within the volume of the diffusion zone.
Measurements of the spectra of various stable and un-
stable cosmic ray nuclei can be used to constrain the pa-
rameters of the transport equation. In our calculations
(again, following Ref. [25]), the free parameters consist
of D0, δ, zh, valf , as well as the cosmic ray injection spec-
trum, which we take to be a broken power-law in rigidity
with indices −ν1 below and −ν2 above ρ = 10 GV. This
relatively simple propagation model has proven to be re-
markably successful, and is capable of accommodating a
great variety of observational data.
In addition to the propagation of cosmic rays through
the ISM, such particles are also impacted by the mag-
netized solar wind as they approach and travel through
the Solar System (for a review, see Ref. [42]). Such ef-
fects are time-dependent, making it difficult to compare
the low energy spectra observed by different experiments
(operating over different periods of time). Due to drift
effects, the modulation is also expected to be charge and
species dependent. We attempt to capture this by adopt-
ing different modulation potentials for different particle
species, φi, in the common force-field approximation [43].
For the time period of PAMELA’s observation, the de-
gree of charge dependent modulation has been estimated
3FIG. 1: The cosmic ray antiproton spectrum as measured by PAMELA [10], compared to predicted flux of secondaries (as
calculating using GALPROP, see Sec. II). The bands represent the 68% and 95% CL contours, as fit to the measured spectra
of cosmic ray boron, carbon, oxygen and beryllium, as described in Trotta et al. [25]. The antiproton spectrum predicted by
this model agrees well with PAMELA’s measurement at energies above ∼5 GeV, but falls short of the flux observed at lower
energies.
as φp¯ ' 0.6φp [44] to φp¯ ' 0.9φp [45]. With these results
in mind, we will consider φp¯/φp in the range of 0.5 to 1.0,
approximately bracketing the viable range for this ratio.
For concreteness, we will make direct use of the re-
sults of Trotta et al. [25] throughout most of our study.
In particular, we utilize the 150,000 models provided as
supplementary material to that paper. For each of these
models, the quality of fit is given for the combined mea-
surements of the boron-to-carbon ratio (as reported by
HEAO-3 [46], ACE [47], ATIC-2 [48], CREAM [49]), the
10Be/9Be ratio (ACE [50], ISOMAX [51]), and the oxy-
gen and carbon spectra (HEAO-3 [46], ACE [47]). For
each of these 150,000 parameter sets, we have used GAL-
PROP to calculate the predicted proton and antiproton
spectra. By combining the quality of fit and multiplic-
ity (as determined by the nested sampling Markov Chain
Monte Carlo, MCMC) reported for each model [25], we
find the correct statistical weight of each parameter set
and determine the predicted range for the corresponding
antiproton and proton spectrum, at a given confidence
level.
In the upper frames of Fig. 1, we plot the cosmic ray
antiproton spectrum, as measured by PAMELA [10], and
compare this to the predicted spectrum of secondary an-
tiprotons. The width of these predicted bands corre-
sponds to the 68% and 95% confidence level, after fit-
ting to the observed boron, carbon, oxygen and beryllium
data, as described in Ref. [25] (this figure can be directly
compared to Fig. 9 of Trotta et al. [25]). In the lower
frames of this figure, we plot the difference between the
measured and predicted antiproton spectrum, with errors
that correspond to the statistical, systematic, and model
uncertainties added in quadrature. In the left frames, we
have set the antiproton solar modulation parameter to
be equal to the values that provide the best fit to the ob-
served cosmic ray proton spectrum, φp¯ = φp, while in the
right frames we have considered a case in which the mod-
ulation is strongly charge dependent, φp¯ = 0.5φp. Note
that for most of the models provided by Trotta et al., the
proton spectrum is best fit by φp ' 700 MV. At energies
above 5 GeV or so, the predicted spectrum of secondary
antiprotons matches the data very well. At lower ener-
gies, the diffusion-acceleration model significantly under-
predicts the observed flux of cosmic ray antiprotons.
4FIG. 2: The cosmic ray boron-to-carbon ratio as measured
by PAMELA [52] compared to that predicted by the best-
fit model of Trotta et al. [25]. We show this comparison
to illustrate that the model parameters favored by Ref. [25]
are generally in good agreement with PAMELA’s more recent
measurement, despite being fit using only earlier data (from
HEAO-3, ACE, ATIC-2, CREAM, and ISOMAX).
As Trotta et al. [25] was published prior to the most
recent measurements of the cosmic ray boron and carbon
spectra by PAMELA and AMS-02, their fits do not take
this information into account. In Fig. 2, we compare the
boron-to-carbon ratio as measured by PAMELA [52] to
that predicted for the best fit model of Ref. [25], demon-
strating excellent agreement. We expect that no qualita-
tive changes would result if the analysis of Ref. [25] were
to be redone using this more recent data (or using the
preliminary boron-to-carbon ratio reported by the AMS
collaboration [53]).
III. IS THERE A COSMIC RAY ANTIPROTON
EXCESS?
As stated in the previous section, simple diffusion-
reacceleration models (such as those implemented in
GALPROP), with parameters fit to reproduce the
secondary-to-primary ratios observed in the cosmic ray
spectrum, predict significantly fewer antiprotons at GeV-
scale energies than are observed. This conclusion has
been noted previously by several groups [16, 25, 28–31].
The question we consider in this section is to what degree
this GeV antiproton excess is robust to the the assump-
tions made in approaching the problem of cosmic ray
propagation.
We begin by noting that from a purely statistical per-
spective, the presence of the antiproton excess is robust.
In particular, the χ2 fit to the data shown in Fig. 1 im-
proves at a level corresponding to greater than 8σ (4.3σ)
significance when a best fit two parameter log-parabola
component is added, for a modulation potential given by
φp¯ = φp (φp¯ = 0.5φp). Although there are many un-
certainties regarding how to best interpret PAMELA’s
antiproton data, it does not appear plausible that the
apparent excess is the result of a simple statistical fluc-
tuation.
There are many systematic factors, however, that
could be responsible for the apparent antiproton ex-
cess. The most commonly utilized cosmic ray propa-
gation models represent very simple idealizations of the
Galaxy, consisting of a single spatial zone with a uniform
diffusion coefficient. Furthermore, in the energy range of
most interest to this study (below a few GeV), cosmic
ray transport is influenced by a complex combination of
phenomena, including diffusion, reacceleration, convec-
tion, and solar modulation (at energies greater than ∼10
GeV, in contrast, diffusion is the dominant process, with
comparatively small roles played by reacceleartion, con-
vection, and solar modulation). In light of the challenges
involved in estimating and controlling the systematic un-
certainties related to this problem, it would be very dif-
ficult to argue that the antiproton excess inferred under
the assumptions of a simple GALPROP-like diffusion-
reacceleration model are entirely robust.
The results presented in this paper are based in large
part on the analysis of Trotta et al. [25], and therefore
are contingent on the assumptions made by the authors
of that study (such as the absence of convection). There
exist studies by other groups whose cosmic ray propaga-
tion models do not predict a significant antiproton ex-
cess. Most notably, the studies of Refs. [54, 55] (see also
Refs. [56, 57]) present a range of 1D and 2D semi-analytic
propagation models which fit the observed primary-to-
secondary ratios without predicting a corresponding an-
tiproton excess (for a direct comparison, see Fig. 10 of
Ref. [58]). If convection is taken to be negligible, these
models require very high values for the Alfvén velocity
(valf ' 70 − 75 km/s) and somewhat low values for the
index of the diffusion coefficient (δ ' 0.20− 0.25). Their
fits improve considerably when convection is included,
but then favor unrealistically high values of δ ' 0.8− 0.9
(recall that theoretical arguments favor δ = 0.33− 0.50).
Perhaps the most important difference between the mod-
els utilized in Refs. [54, 55] and by Trotta et al. is
the parameterization for the cosmic ray injection spec-
trum. Trotta et al. models this spectrum (for all cosmic
ray species) with a broken power-law, with an index of
ν1 ' 1.9 below 10 GV and ν2 ' 2.4 at higher rigidities.
In contrast, Refs. [54–57] consider a single index power-
law multiplied by a factor of βηS , where ηS is a species
dependent parameter. They also introduce an additional
similar parameter, ηT , in their parameterization of the
diffusion coefficient, Dxx ∝ βηT ρδ. Our view is that the
propagation model as implemented in GALPROP pro-
vides a description of cosmic ray transport that is at
least as physically realistic as those models considered
in Refs. [54–57], and favors parameter values that are
more consistent with theoretical expectations (δ ∼ 0.3
rather than δ ∼ 0.8 − 0.9). That being said, if the in-
clusion of additional parameters such as ηS and ηT do,
5FIG. 3: Left frame: The cosmic ray boron-to-carbon ratio as measured by PAMELA [52] compared to that predicted by a
model with significant convection. Right frame: The difference between the cosmic ray antiproton spectrum measured by
PAMELA [10] and the predicted flux of secondaries for a model with significant convection. See text for details.
in fact, provide for a more faithful description of cosmic
ray transport in the Milky Way, it is possible that the
apparent antiproton excess under consideration could be
merely the result of the overly rigid assumptions being
imposed on the underlying propagation model.
The cosmic ray propagation models considered so far in
this study (ie. those based on the results of Ref. [25]) have
assumed convection to be negligible. To explore whether
convection might explain the appearance of an antiproton
excess, we have considered a model with a strong convec-
tive wind directed perpendicular to the Galactic Plane,
with dV/dz = 50 km/s/kpc (and with V = 0 at z=0).
With this degree of convection, we find that the following
parameter set provides a good fit to the observed boron-
to-carbon ratio: D0 = 1.9×1028 cm2/s, valf = 39.2 km/s,
δ = 0.5, zh = 3.9 kpc, ν1 = 1.75, and ν2 = 2.30. In the
left frame of Fig. 3, we demonstrate this agreement by
comparing the predicted and observed boron-to-carbon
ratio. In right frame of this figure, we plot the differ-
ence between the observed antiproton spectrum and that
predicted by this convective transport model. For this
model, we find that the excess persists, although with a
reduced normalization. We have not identified any con-
vective models that are both well fit to boron-to-carbon
and that reduce the antiproton excess beyond the level
shown in Fig. 3. That being said, we cannot rule out the
possibility that strong convective winds could be respon-
sible for the apparent antiproton excess. In light of this,
it would be very interesting to see the results of a full
MCMC analysis including convection, compared to the
existing cosmic ray data set. Such an analysis, however,
is beyond the scope of the present study.
Lastly, we note that the current experimental uncer-
tainties on the cross sections for antiproton production
are not negligible, and could impact the spectrum and
normalization of the excess under consideration [58–60].
That being said, when constrained to match the observed
spectrum at high energies (>∼ 10 GeV), the uncertainties
on relevant cross sections are smaller than the scale of the
observed excess (∼10–20%, whereas the excess is ∼40%
at 1-3 GeV), and are also unlikely to lead to the bump-
like feature that is observed.
To summarize this section, there are several reasons to
question whether the excess that appears when one com-
pares PAMELA’s antiproton spectrum to that predicted
by diffusion-reacceleration models is robust. Uncertain-
ties regarding the treatment of solar modulation, the low-
energy diffusion coefficient, the injected cosmic ray spec-
trum, convection, and antiproton production cross sec-
tion could each plausibly contribute to resolving this ap-
parent excess. We are optimistic that further data from
AMS-02 will help break the degeneracies between the pa-
rameters describing these different phenomena, making it
possible to clarify this picture to a considerable degree.
IV. THE CONTRIBUTION FROM
ANNIHILATING DARK MATTER
Dark matter particles annihilating in the halo of the
Milky Way contribute to the cosmic ray antiproton spec-
trum through the addition of the following source term
in Eq. 1:
q(r, p) =
1
2
〈σv〉
(
ρDM(r)
mDM
)2
dNp¯
dpp¯
, (4)
where 〈σv〉 is the dark matter’s (thermally averaged) an-
nihilation cross section,mDM is the mass of the dark mat-
ter particle, and dNp¯/dpp¯ is the spectrum of antiprotons
injected per annihilation. In this study, we will consider
dark matter that annihilates to bb¯ (although other chan-
nels are also well motivated) and calculate the injected
antiproton spectrum using PYTHIA [61].
We take the density of dark matter to be described by
6FIG. 4: Upper limits (95% confidence level) on the dark matter annihilation cross section (to bb¯), derived from the combination
of PAMELA’s antiproton spectrum and the boron, carbon, beryllium and other cosmic ray nuclei data considered by Trotta et
al. [25]. The blue solid and dashed red contours represent the regions favored by the gamma-ray analyses of Refs. [32] and [40],
respectively. The black solid and black dotted contours represent the limits derived assuming φp¯ = φp and φp¯ = 0.5φp,
respectively. In applying these limits, we recommend adopting the weaker of these two results, for the dark matter mass under
consideration. Note that although these constraints are somewhat less restrictive than those derived by other groups, we still
do not consider them to be particularly conservative. Effects such as strong convective winds in the Inner Galaxy could further
relax these constraints by a factor of a few.
FIG. 5: Upper limits (95% confidence level) on the dark
matter annihilation cross section, derived from the combina-
tion of PAMELA’s antiproton spectrum and the boron, car-
bon, beryllium and other cosmic ray nuclei data considered
by Trotta et al. [25] (solid), compared to that derived from
Fermi’s observations of dwarf spheroidal galaxies [23] (dot-
ted). For masses greater than mDM ∼ 100 GeV, PAMELA’s
measurement of the cosmic ray antiproton spectrum provides
the most stringent constraint on the dark matter annihilation
cross section.
a generalized NFW profile [62]:
ρDM =
ρ0
(r/Rs)γ [1 + (r/Rs)]3−γ
, (5)
where r is the distance from the Galactic Center, Rs = 20
kpc is the scale radius of the halo, and ρ0 is normalized
such that the local dark matter density (at r = 8.5 kpc)
is 0.3 GeV/cm3. We will consider two values for the inner
slope of the profile: γ = 1.0 (the canonical NFW value)
and γ = 1.26 (the value best fit to the gamma-ray excess
observed from the Inner Milky Way [32]).
In Fig. 4 we plot the 95% CL upper limits on the
dark matter annihilation cross section, derived from
PAMELA’s measurement of the cosmic ray antiproton
spectrum, combined with the fit of the propagation model
parameters to the boron, carbon, beryllium and other
cosmic ray nuclei data. Instead of selecting a few repre-
sentative propagation models, this allows us to treat the
propagation inputs as nuisance parameters, allowing us
to derive constraints that implicitly take into account not
only the observed spectrum of antiprotons, but of all cos-
mic ray species. These constraints are generally weaker
than those previously presented [13–22], but more cor-
rectly take into account the relevant uncertainties regard-
ing cosmic ray propagation. This is especially true when
comparing our constraints to those derived using propa-
gation model parameters chosen in order to provide the
best possible fit to the antiproton spectrum (without any
contribution from dark matter). We note that our con-
straints are not in any degree of tension with those dark
matter models previously shown to be capable of provid-
ing the Galactic Center gamma-ray excess. Furthermore,
we do not consider the constraints presented here to be
particular conservative, as effects such as strong convec-
tive winds in the Inner Galaxy could plausibly relax them
by a factor of a few.
In Fig. 4, results are shown for the cases of φp¯ = φp
(solid) and φp¯ = 0.5φp (dotted). The crossing of these
curves at ∼140 GeV may appear somewhat counterintu-
itive, but is the result of the interplay between the fit of
the propagation model parameters to the cosmic ray nu-
7FIG. 6: The values of the dark matter mass and annihilation cross section that are favored by a combined fit to PAMELA’s
antiproton spectrum and the boron, carbon, beryllium and other cosmic ray nuclei data considered by Trotta et al. [25]. In
the left and right frames, results are shown for a generalized NFW profile with an inner slope of γ = 1.26 and 1.0, respectively.
The “X” in each frame denotes the best-fit point, while the solid black contours represent the regions favored at the 1, 2 and
3σ levels. In the γ = 1.26 case, these regions are compared to those favored by the gamma-rays observed from the region
of the sky surrounding the Galactic Center (the blue solid and dashed red contours represent the regions favored by the
analyses of Refs. [32] and [40], respectively). A mDM ∼ 30-40 GeV dark matter particle annihilating with a cross section of
σv ∼ (1− 2)× 10−26 cm3/s (to bb¯) can provide a good fit to both the gamma-ray and antiproton data.
clei data and the fit to the antiproton spectrum.1 In ap-
plying these limits, we recommend adopting the weaker
of these two results. In Fig. 5 we compare the constraint
derived from PAMELA’s antiproton spectrum to that de-
rived from Fermi’s observation of dwarf spheroidal galax-
ies [23]. For mDM >∼100 GeV, the antiproton spectrum
provides the most stringent constraint on the dark matter
1 More specifically, we note that the low energy antiproton excess
is most pronounced for large values of φp¯. While for mDM >∼
100GeV this results in more stringent constraints for large φp¯,
for lighter masses this is not the case. The low energy antiproton
data (in the range of the excess) strongly prefers propagation
parameters that yield the largest possible secondary antiproton
flux, leaving little room for a dark matter component at high
energies; this explains the strong limits for high mass dark matter
particles in the case of φp¯ = φp. In contrast, lighter dark matter
particles are much less restricted as they generate antiprotons
that lie within the energy range of the excess.
annihilation cross section.
When including a contribution from annihilating dark
matter, we find that we can obtain a significantly bet-
ter fit to the measured antiproton spectrum. In Fig. 6,
we show the regions of the dark matter mass and cross
section that are favored by these fits. In the left frames,
we consider a profile with an inner slope of γ = 1.26 and
compare the results directly to the regions favored by
the gamma-rays observed from the region of the sky sur-
rounding the Galactic Center (the blue solid and dashed
red contours represent the regions favored by the analyses
of Refs. [32] and [40], respectively). In the right frames,
we repeat this exercise for an NFW profile with an in-
ner slope of γ = 1.0. The upper (lower) frames assume
an antiproton modulation parameter given by φp¯ = φp
(φp¯ = 0.5φp).
The “X” in each frame represents the point that pro-
vides the best-fit to the combination of PAMELA’s an-
tiproton spectrum and the boron, carbon, beryllium and
8FIG. 7: The spectrum of antiprotons (at Earth) from annihilating dark matter for the model (including propagation parameters)
that provides the best-fit to the combination of PAMELA’s antiproton spectrum and the boron, carbon, beryllium and other
cosmic ray nuclei data considered in Ref. [25]. This case corresponds to the following propagation model parameters: D0 =
6.25 × 1028 cm2/s, δ = 0.32, valf = 39.3 km/s, zh = 3.7 kpc, ν1 = 1.87, and ν2 = 2.47 (see Sec. II for details). Here, we have
adopted a dark matter halo profile with an inner slope of γ = 1.26.
other cosmic ray nuclei data considered by Trotta et
al. [25]. In Fig. 7 we plot the spectrum of antiprotons
from dark matter (at Earth) in the best-fit model, com-
pared to the excess measured by PAMELA. An excellent
fit is obtained (improving the χ2 by a level exceeding
8σ). The solid black contours around the best-fit point in
Fig. 6 represent the 1, 2 and 3σ regions. A mDM ∼30-40
GeV dark matter particle annihilating with a cross sec-
tion of σv ∼ 10−26 cm3/s (to bb¯) can provide a good fit to
both the gamma-ray excess and the antiproton spectrum.
V. SUMMARY AND CONCLUSIONS
In this paper, we have revisited the contribution to the
cosmic ray antiproton spectrum predicted from annihilat-
ing dark matter and compared this to the measurements
reported by the PAMELA Collaboration. To this end,
we have made use of the large set of cosmic ray propa-
gation models fit to the combined observations of cosmic
ray boron, carbon, beryllium, and oxygen nuclei, as pro-
vided as supplementary material to Ref. [25]. We used
this information to derive upper limits on the dark matter
annihilation cross section, taking into account not only
the observed spectrum of antiprotons, but of all cosmic
ray species. Our constraints are generally weaker than
those previously presented, but more correctly take into
account the relevant uncertainties related to cosmic ray
propagation.
In agreement with a number of previous groups, we
also find that propagation models fit to cosmic ray nuclei
data underpredict the spectrum of cosmic ray antipro-
tons at energies below ∼ 5 GeV. Although we caution
that systematic uncertainties regarding solar modulation,
the low-energy diffusion coefficient, the injected cosmic
ray spectrum, convection, and the antiproton production
cross section make it difficult to interpret this excess with
confidence, this observation could plausibly represent evi-
dence of a new primary component of cosmic ray antipro-
tons. Further data from AMS-02 may make it possible to
break the degeneracies between the parameters describ-
ing these different phenomena, clarifying this situation
to a considerable degree. If taken at face value, we find
that the low-energy antiproton excess is best fit by dark
matter particles with a mass of mDM ∼ 35 GeV and an
annihilation cross section of σv ∼ 10−26 cm3/s (to bb¯).
These values are in good agreement with those required
to generate the gamma-ray excess previously reported
from the region surrounding the Galactic Center.
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